Abiotic stresses such as drought, extreme temperatures, and salinity have a strong impact on plant adaptation. They act as selective forces on plant physiology and morphology. These selective pressures leave characteristic footprints that can be detected at the DNA sequence level using population genetic tools. On the basis of a candidate gene approach, we investigated signatures of adaptation in two wild tomato species, Solanum peruvianum and S. chilense. These species are native to western South America and constitute a model system for studying adaptation, due to their ability to colonize diverse habitats and the available genetic resources. We have determined the selective forces acting on the C-repeat binding factor (CBF) gene family, which consists of three genes, and is known to be involved in tolerance to abiotic stresses, in particular in cold tolerance. We also analyzed the expression pattern of these genes after drought and cold stresses. We found that CBF3 evolves under very strong purifying selection, CBF2 is under balancing selection in some populations of both species (S. peruvianum/Quicacha and S. chilense/Nazca) maintaining a trans-species polymorphism, and CBF1 is a pseudogene. In contrast to previous studies of cultivated tomatoes showing that only CBF1 was cold induced, we found that all three CBF genes are cold induced in wild tomatoes. All three genes are also drought induced. CBF2 exhibits an allele-specific expression pattern associated with the trans-species polymorphism.
Introduction
Plants are sessile organisms and therefore cannot avoid the adverse effects of bioaggressors and abiotic factors. These factors act as strong selective forces on plant physiology and morphology (Bohnert et al. 1995) . Thus, most plant species have developed particular morphological, physiological, and biochemical adaptations to face biotic and abiotic stressors (Yanez et al. 2009 ). Drought, salinity, and extreme temperatures are the most severe abiotic conditions that affect plants (Yanez et al. 2009 ). These factors induce dehydration, osmotic and ionic stresses, influence the plant species distribution, and lead to an important reduction in yield and quality in major crop plants (Bartels and Sunkar 2005; Yamaguchi-Shinozaki and Shinozaki 2006; Navarro et al. 2009 ). However, the wild relatives of these crop species are usually more adapted to stressful environments. An understanding of their main adaptive responses to stresses can help to improve crop tolerance.
Abiotic stress leads to important changes and reprogramming at the transcriptome level; different transduction pathways are activated to respond to environmental changes. Transcriptome analyses carried out in plants after drought, high salinity, and cold stresses show that many regulatory systems are involved in responses to abiotic stresses (Seki et al. 2001 ). These regulatory systems may depend on the abscisic acid (ABA) phytohormone (Yamaguchi-Shinozaki and Shinozaki 2006) . ABA-dependent and independent pathways are usually interconnected and co-ordinated in regulating plant responses (Ludwig et al. 2005) . Indeed, half of the genes induced by drought stress are also induced by salinity stress (Seki et al. 2001) .
Other pathways, such as those including C-repeat binding factors (CBFs), seem to be more specific. The DREB1/ CBF-dependent pathway is activated by cold stress in plants and plays a key role in cold acclimation (Yamaguchi-Shinozaki and Shinozaki 2006) . The DREB1/CBF genes encode transcription factors that belong to the AP2/ERF family of DNA-binding proteins (Stockinger et al. 1997 ) and interact with a 5-bp core element (CCGAC), the C-RepeaT/dehydration-responsive element (CRT/DRE) motif present in the promoter region of their target genes (Baker et al. 1994; Yamaguchi-Shinozaki and Shinozaki 1994; Qin et al. 2004; Novillo et al. 2007 ). These genes constitute the CBF regulon and promote higher tolerance to cold (Gilmour et al. 2000) , drought, and salinity (Kasuga et al. 1999) . The major role of the CBF regulon in freezing tolerance has been demonstrated through transgenic and overexpression experiments carried out in Arabidopsis thaliana (Thomashow 2010) . Transgenic Arabidopsis plants that constitutively express CBF1, CBF2, or CBF3 show an increase in expression of their COR (COld Regulated) genes and freezing tolerance (Gilmour et al. 2004 ). The inactivation of CBF1 or CBF3 using RNA interference and antisense constructs may lead to a 50% decrease in freezing tolerance in cold-treated plants (Novillo et al. 2007) , and 12% of the cold-induced genes are members of the CBF regulon (Fowler and Thomashow 2002) . Certain other genes that do not have a CRT motif are also affected by CBF genes (Vogel et al. 2005) , suggesting that they are indirectly induced by the CBF genes.
A positive correlation exists between the expression level of COR genes and that of freezing tolerance (Ohno et al. 2001; Vagujfalvi et al. 2003; Zhen and Ungerer 2008) . The DREB1/CBF pathway is evolutionary conserved in plants (Chinnusamy et al. 2007) , and CBF homologs have been identified in many plant species, in monocotyledons as in dicotyledons. Despite this conservation, plants and particularly the crop species do not show the same tolerance to cold and abiotic stresses in general (Fowler and Thomashow 2002) . Most temperate crop species such as wheat, rye, barley, oat, and oilseed rape can cold acclimate, whereas the tropical ones such as maize, rice, and tomato are not able to cold acclimate (Fowler and Thomashow 2002; Chinnusamy et al. 2007 ). Tomato (S. lycopersicoum) and most of the cultivated species in the Solanaceae family are susceptible to cold and other abiotic stresses (Yanez et al. 2009 ).
As in Arabidopsis, the CBF locus in tomato is composed of three genes arrayed in tandem (Zhang et al. 2004) . Although all the studied tomato species (S. lycopersicum, S. pimpinellifolium, and S. habrochaites) show the same basic structural organization, other Solanum species such as S. commersonii and S. tuberosum exhibit additional gene copies (Pennycooke et al. 2008) .
Expression studies have shown that only CBF1 was cold induced in S. lycopersicum, S. habrochaites, and other Solanum species (Zhang et al. 2004; Pennycooke et al. 2008 ). This does not mean that the other two genes were not functional in tomato, as they are inducible by mechanical agitation (Zhang et al. 2004) .
Cultivated tomato and its wild relatives are native to western South America and are distributed from Central Ecuador to Chile (Peralta et al. 2008) . Because of the geomorphological characteristics of this region, wild tomato species colonize a vast range of habitats that are characterized by particular biogeographic, environmental, and climatic conditions (Peralta et al. 2008) . They can be found at elevations above 3,000 m in dry, mesic, and salty habitats (Young et al. 2002) . This may explain why in contrast to the cultivated tomato, the related wild species tolerate chilling/freezing (Venema et al. 2005; Pennycooke et al. 2008) , drought, and salinity (Chetelat et al. 2009 ). All these characteristics make them an ideal model system for studying adaptation to abiotic stresses in plants.
The aim of our study is to investigate adaptation to cold and drought in different populations of two wild tomato species (S. peruvianum and S. chilense) using a candidate gene approach. The CBF genes imbedded in a relatively small network are appropriate candidate genes for studying adaptation to cold. Candidate gene approaches have been shown to be efficient in detecting adaptation and positive selection in genes involved in drought tolerance in wild tomatoes (Xia et al. 2010; Fischer et al. 2011) . We investigated the patterns of polymorphism at the CBF locus and analyzed the expression pattern of the gene family members after exposure to cold and drought stresses. For each species, accessions from different habitats and altitudes were used to determine whether the CBF genes were involved in responses and adaptation to cold and drought stresses.
Materials and Methods

Population Sampling and Plant Material
Solanum peruvianum and S. chilense are two selfincompatible species that diverged recently (less than 0.55 millions years ago; Städler et al. 2008) , although estimates that take into account the seed banks of these species suggest an older divergence time (Tellier, Laurent, et al. 2011) . Our populations were sampled from mesic and dry environments by T. Städler and T. Marczewski in Peru (Arunyawat et al. 2007; Städler et al. 2008) . Three populations of each species were studied: Tacna, Moquegua, and Quicacha for S. chilense and Canta, Nazca, and Tarapaca for S. peruvianum. Between five and seven individuals of each population were sequenced at the CBF locus and analyzed. The details of the sampling scheme and the characteristics of the habitats are summarized in table 1. For the gene expression study, accessions from S. chilense and S. peruvianum were obtained from the Tomato Genetics Resource Center (UC Davis, USA, http:// tgrc.ucdavis.edu/). The accessions (supplementary table S1, Supplementary Material online) were chosen to be the closest to our previous sampling sites (the original samples could not be used, as they consisted of leaf material). To ensure that the ordered accessions were sufficiently similar to our samples at the CBF locus, we sequenced and characterized the CBF alleles 
Reference Loci
To distinguish between selection and demographic events, we compared the nucleotide diversity at the CBF genes with that of seven reference loci (CT066, CT093, CT166, CT179, CT198, CT251, and CT268), which have been described previously (Baudry et al. 2001; Roselius et al. 2005; Städler et al. 2005; Arunyawat et al. 2007; Städler et al. 2008; Tellier, Fischer, et al. 2011) . All loci are unlinked and distributed over seven different chromosomes. Their characteristics are described in table 2. For the neutrality tests, as these reference loci are under purifying selection at their nonsynonymous sites in their coding regions (Tellier, Fischer, et al. 2011) , we decided to use the statistics calculated for the silent sites (noncoding and synonymous). These represent 329 and 257 single-nucleotide polymorphisms for S. peruvianum and S. chilense, respectively. Thus, we compared the summary statistics obtained for our candidate genes with those sites that evolved (nearly) neutrally.
DNA Extraction, PCR Amplification, and Sequencing
The genomic DNA was extracted from leaves using the DNeasy Plant Miniprep Kit (Qiagen GmbH, Hilden, Germany). Polymerase chain reaction (PCR) primers that amplify the three CBF genes were designed based on information from GenBank (accession number AY497899) using the program NetPrimer (http://www.premierbiosoft.com/netprimer/ index.html). PCR ampliEcation was performed using a high fidelity phusion polymerase (Finnzymes, Espoo, Finland) . The primer sequences and the PCR conditions are summarized in supplementary table S2, Supplementary Material online. The expected size of the PCR products was conErmed using 1% agarose gel electrophoresis. Direct sequencing of PCR products was performed to determine whether the individuals were homozygotes or heterozygotes. For heterozygotes, a cloning approach was used to separate the alleles before sequencing. The Strataclone Blunt cloning kit (Agilent Technologies, USA) was used for cloning and a Taq polymerase (Invitrogen, Carlsbad, CA, USA) for amplifying the alleles. The DNA was sequenced using an ABI 3730 DNA Analyzer (Applied Biosystems and Hitachi, Foster City, CA, USA). All alleles were sequenced for each population sample using direct sequencing and cloning.
Nucleotide Diversity and Neutrality Tests
We estimated nucleotide diversity using Watterson's w (Watterson 1975 ) (average number of segregating sites per site) and Tajima's (Tajima 1983 ) (average number of nucleotide differences per site between two sequences) implemented in DnaSP v5 software (Librado and Rozas 2009) . w was calculated for all sites, whereas was calculated separately for all sites, synonymous ( s ) and nonsynonymous sites ( ns ). We tested for deviations from the standard neutral model using Tajima's (Tajima 1989) and Fu and Li's (Fu and Li 1993 ) D statistics based on the silent sites of the reference loci (see later), which appear to evolve in a nearly neutral fashion (Tellier, Fischer, et al. 2011 (Fu and Li 1993) . D FL is more sensitive than D T in detecting events generating an excess of low-frequency derived alleles, i.e., population expansion or positive directional selection (Fu and Li 1993) . The D T and D FL statistics were calculated for each reference locus (for silent sites only) to obtain a "neutral" distribution for both statistics. Then, we examined whether the statistics calculated for the candidate genes fall into this neutral distribution. Site frequency spectra were obtained by sorting the polymorphic sites into mutational classes according to their frequency using the SITES program (http://genfaculty.rutgers .edu/hey/software, Hey and Wakeley 1997) .
We also used a maximum likelihood version (called MLHKA) of the Hudson, Kreitman, and Aguadé (HKA) test (Hudson et al. 1987 ) developed by Wright and Charlesworth (2004) and available from http://labs.eeb.utoronto.ca/wright/ Stephen_I._Wright/MLHKA/. Similar to the HKA test, the MLHKA test compares sequence polymorphism within species to divergence between species to test for deviation from the neutral model. The S. ochranthum accession LA2682 was used as an outgroup. The selection parameter (k) measures the degree to which diversity is increased or decreased relative to divergence. In comparing a neutral with a selection model, we have run 10 Monte Carlo Markov chains for each model (200,000 steps) using different random number seeds.
A McDonald-Kreitman test (McDonald and Kreitman 1991) was performed taking S. ochranthum (accession 
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Balancing Selection and Allele-Specific Expression . doi:10.1093/molbev/mss176 MBE LA2682) as an outgroup using DnaSP v5 (Librado and Rozas 2009) . This test estimates the proportion of substitutions that are due to adaptive evolution by comparing the numbers of silent and nonsynonymous changes between species and within species. Gene conversion was examined using Innan's method (Innan 2003) . According to this approach, a high proportion of shared polymorphism indicates gene conversion, whereas an excess of fixed polymorphisms is indicative of the absence of gene conversion.
Levels of Population Differentiation
We calculated the fixation index F st between pairs of populations with DnaSP v5 (Librado and Rozas 2009) . Low F st values indicate an absence of genetic differentiation, for example, due to high migration rate or high mutation rate (Jost 2008) , whereas high F st values indicate a higher frequency of private alleles in a population. The F st values were compared with those of the distribution generated with the reference loci. Low and high outliers may suggest that balancing selection and/or local adaptation (due to positive selection) are acting on the candidate genes (Beaumont and Balding 2004; Riebler et al. 2008 ).
Gene Expression Analyses
Assessment of the Variability in Gene Expression (within Accessions) and Cuttings First we performed some preliminary tests to assess the variability in gene expression within each accession by quantifying the expression of different individuals at different time points. We found a quite homogenous expression between individuals and decided to perform cuttings to have a sufficiently large number of biological and technical replicates.
For each accession (supplementary table S1, Supplementary Material online), plants were grown in a climate chamber at 25 C with a 16 h/8 h photoperiod for more than 3 months. Once the plants were sufficiently tall, a vegetative multiplication was performed. The plants were cut into many stem/ axillary bud pieces. The latter was treated with Neudofix (Neudorff/Germany) to stimulate the root formation and sown in vermiculite soil. The cuttings were grown under the same conditions as the mother plants and were stressed after 6 weeks. Thus, we were able to generate a sufficiently large number of technical and biological replications.
Gene Expression after Cold and Drought Stresses
Cold stress was applied by transferring plants to a climate chamber at 4 C, whereas drought stress was applied according to the protocol developed by Maskin et al. (2001) . Following the latter, the plants were removed from the vermiculite pots and left outdoors at 25 C. Leaf samples were harvested after 1, 3, 6, and 24 h following the stresses. For each time point, leaf samples were taken from three different plants per accession. The samples were frozen in liquid nitrogen until total RNA was extracted. Three unstressed plants were used as negative control for each treatment and accession. Total RNA was isolated using the RNeasy Plant Mini Kit from QIAGEN. The cDNA was synthesized from 1 g of total RNA using SuperScript III Reverse Transcriptase (Invitrogen). A semiquantitative RT-PCR was performed to check whether the genes were expressed, and the products were sequenced to confirm that the amplicons correspond to the CBF genes. Quantitative PCR was performed on a C.1000 Thermal cycler CFX96 Real time system (Biorad, USA) using iQSYBR Green according to the manufacturer's protocol. The ribosomal gene CT189 was used as internal control and for the normalization. The primers used to perform the quantitative PCR are listed in supplementary table S2, Supplementary Material online.
Tolerance Levels Based on the environmental conditions and particularly the pluviometry (table 1), a tolerance level was conventionally defined. The accessions LA1967 and LA2744, which are from Tacna (15 mm precipitation per year) and Tarapaca (5 mm per year), respectively, were considered as tolerant to cold and particularly to drought (LA1967 = Tacna; LA2744 = Tarapaca). In our sampling, Tacna and Tarapaca were the driest places where S. chilense and S. peruvianum were found. The accessions LA1938 and LA3636 are from Quicacha (61 mm per year) and Canta (235 mm per year), the coolest places where S. chilense and S. peruvianum, respectively, were sampled.
Statistical Tests
After verifying that the expression results are approximately normally distributed, a Tukey honestly significant difference (HSD) test was performed using the R program vs 2.11.1 (http://cran.r-project.org/src/base/R-2/R-2.11.1.tar.gz) to test for differences in gene expression between the accessions and time points. The samples that have the same normalized expression level constitute a confident group.
Results
Levels of DNA Polymorphism
We sequenced the three members of the CBF gene family in three S. peruvianum and three S. chilense populations. Each population was represented by 5-7 individuals (table 1). In total, 68 sequences were obtained for each gene. CBF1, CBF2, and CBF3 do not have introns and have a total length of 796, 702, and 531 bp, respectively.
In both species, the three genes exhibit different polymorphism levels. CBF1 is more polymorphic than CBF3 and the reference loci (particularly at the nonsynonymous sites) (table 3) . However, CBF2 is much more polymorphic than CBF1, CBF3, and the reference loci. CBF3 shows high s values (in all S. peruvianum populations) and only few nonsynonymous polymorphic sites (none at all in the Canta population). In all populations (except for Quicacha), the ratio of nucleotide diversity at nonsynonymous to synonymous sites ( ns / s ) is very low and even lower than at the reference loci. This suggests that CBF3 evolves under very strong purifying selection. This form of selection was also predominant at the reference loci (Tellier, Fischer, et al. 2011 ).
In contrast, CBF1 has a higher ns / s ratio compared with CBF2, CBF3, and the reference loci (table 3). The ns / s ratio of the reference loci varies from 0.08 to 0.13, whereas for CBF1, it lies between 0.72 and 1.58. Furthermore, seven stop codons were detected in all CBF1 haplotypes indicating that this gene is a pseudogene or on its way to becoming one.
As our candidate genes are members of a gene family, we tested the occurrence of gene conversion between gene copies. However, no evidence of gene conversion was found within populations of both species.
Population Genetic Tests Reveal a Trans-Species Polymorphism at CBF2
Next we used the methods of Tajima (Tajima 1989 ) and Fu and Li (1993) to detect deviations from the standard neutral model (table 4). The observed values of these statistics do not exhibit significant departures from the neutral expectations for CBF3. For CBF1, however, a significantly high value was found for Fu and Li's statistic D FL in Tarapaca (but not for Tajima's D). This probably results from the fact that the D FL statistic is more sensitive than Tajima's D in detecting excess of low-frequency derived alleles. Concerning CBF2, the Tajima and Fu and Li statistics show significant values in Quicacha and Nazca. They are high compared with the neutral expectations and the statistics calculated for the neutral sites at the reference loci (table 4) .
At CBF2, there is a distinct polymorphism signature that is exclusively present in Quicacha and Nazca: a haplotype structure with two diverged alleles ( fig. 1) . Because of this haplotype structure, we observed an excess of intermediate-frequency variants in the site frequency spectra of CBF2 in Quicacha and Nazca ( fig. 2 ). These observations suggest that in these populations, balancing selection is acting on CBF2. We ensured that the two alleles are not paralogous by sequencing CBF2 and its flancking regions in the two populations. In both populations, only two alleles were found.
As nearly identical haplotypes occur in the two species, we investigated whether there was recent introgression between these species by examining the interspecific mismatch 
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Finally, the pooling effect that has been found for the ref- The MLHKA test was marginally significant in the Tacna population (likelihood-ratio test = 7.517; P value = 0.057) and not significant in the other populations. However, we observed different selection parameters (k) for the three genes. The k values observed for CBF3 were high compared with those of CBF1 and CBF2 (table 5) .
The McDonald-Kreitman test (performed by population) was not significant at CBF1 and CBF2 indicating that there was not a significant excess of amino acids replacement between our two species and S. ochranthum. The test could not be performed for CBF3 because there is almost no fixed difference between our two species and the outgroup (table 6).
The F st values of the three genes generally fall into the range of estimates obtained for the reference loci (table 7) . However, the values of F st at CBF2 between Tacna and Moquegua (and to a lesser extent between Tacna and Quicacha) are higher than for the reference loci. This may suggest local adaptation at this gene in the Tacna population.
Expression Patterns after Cold and Drought Stresses
We analyzed gene expression of all members of the CBF gene family in various accessions of our two species (S. chilense and S. peruvianum). Two accessions from different habitats (very dry [Tacna/LA1967, Tarapaca/LA2744], dry [Quicacha/ LA1938], and mesic [Canta/LA3636]) were used for each species. In both species, the three genes exhibit differential expression under no stress condition, suggesting a rapid and strong divergence of gene copies in baseline expression level.
Cold Stress
All three genes were cold induced and differentially expressed depending on the accessions and species. In S. peruvianum, 
FIG. 2.
Site frequency spectra of CBF2 in Quicacha (green) and Nazca (blue). The observed site frequency spectra are indicated by the bars and those expected under the standard neutral model by the curves.
CBF1 and CBF3 were induced within the hour following the cold stress ( fig. 3A and B) . This induction was high in the stress tolerant accession (from Tarapaca) and weak in the sensitive one (Canta). In S. chilense, all three genes were induced in the less tolerant accession from Quicacha ( fig. 3C-E) but not in the tolerant one from Tacna, in which only CBF3 was induced and highly expressed ( fig. 3E ). The expression and the constitutive expression level of CBF3 were higher in the stress tolerant accessions ( fig. 3B and E) . Interestingly, CBF2 is only cold induced in Quicacha, the population in which balancing selection was detected ( fig. 3D) . Resequencing of the mother plant that was used to perform the cuttings and yielded the RT-PCR product showed that our plants were heterozygous at this locus and that the private allele of Quicacha (Allele 2 of fig. 1 ) was specifically expressed.
Drought Stress
The gene family is drought induced in the sensitive S. peruvianum accession (LA3636) ( fig. 4A-C) . However, the maximal level of expression and the kinetics vary between the genes. CBF1 and CBF3 are induced after 1 h, whereas CBF2 is induced after 3 h. For both CBF1 and CBF2, the expression is maximal after 6 h, whereas CBF3 shows a higher expression after 1 h. None of the genes is drought induced in the tolerant accession (from Tarapaca). The expression pattern is quite different in the S. chilense accessions. CBF1 is slightly induced after 1 h in the tolerant accession and highly expressed after 6 h in the less tolerant accession (LA1938) ( fig. 4D ). CBF3 is only drought induced in the tolerant accession (LA1967) ( fig. 4E) , and CBF2 is not induced in both S. chilense accessions.
Discussion
We were interested in detecting adaptation to abiotic stresses using a candidate gene approach. This method was previously shown to be efficient in plants and particularly in wild tomatoes (Xia et al. 2010; Fischer et al. 2011 ). The summary statistics suggest that CBF3 evolved under purifying selection. The DNA polymorphism and particularly the ns / s ratio values of this gene are very low in populations of both species (table 3) . These values are at least twice as low as those of the reference loci that were described to be under purifying selection (mostly at the coding regions) (Tellier, Fischer, et al. 2011) . In four populations, the McDonald-Kreitman test could not be performed for CBF3 because there were no fixed differences at this locus between our two species and the outgroup S. ochranthum. The absence of fixed differences indicates that after the divergence between the three species, there were strong constraints on CBF3 to conserve its sequence. The MLHKA test shows higher k values for CBF3 than for the other candidate genes indicating an excess of polymorphism relative to divergence. This may suggest the occurrence of balancing selection, but in our case, the high k values are also consistent with the hypothesis of strong purifying selection leading to a low divergence between our species and the outgroup at CBF3. Thus, all these observations taken together suggest that CBF3 evolved under very strong purifying selection.
It has been hypothesized that after gene duplication, one copy will preserve the original function of the gene and that the other duplicates are free to evolve (Ohno 1970 ). In our case, it seems that CBF3 is the original copy because it is highly conserved across our species and the Solanum genus in general (Pennycooke et al. 2008) . Functional studies in A. thaliana have shown that CBF3 plays a crucial role and activates multiple mechanisms that enhance freezing tolerance (Gilmour et al. 2000) . It has also been shown in these species that CBF3 induces accumulation of cryoprotectant molecules such as soluble sugars and prolines (Gilmour et al. 2000) . The latter has a colligative effect (O'Neill 1983) and prevents the degradation of both membranes and proteins (Carpenter and Crowe 1989) . The sugar content is highly correlated with chilling and freezing tolerance in plants (Perras and Sarhan 1984; Travert et al. 1997 ). Sakai and Yoshida (1968) found that sugar accumulation in woody plants is positively correlated with temperature decrease and is optimal in winter, showing that the soluble sugars have a crucial role in plant cold acclimation.This may be the reason why in our study the expression of CBF3 is positively correlated with the cold tolerance level in both S. chilense and S. peruvianum ( fig. 3B and E).
CBF2 is highly polymorphic and shows signatures of balancing selection in the Nazca and Quicacha populations. Two distinct alleles occur in the two species ( fig. 1 ) indicating a trans-species polymorphism (Klein et al. 1998) . Trans-species polymorphism usually results from ancestral polymorphism (Klein et al. 1998) , convergent evolution (O'huigin 1995), or introgression (Sota et al. 2001) . The interspecific mismatch distribution (supplementary fig. S1 , Supplementary Material online) does not reveal pairs of alleles with a low number of nucleotide differences, suggesting that the trans-species polymorphism does not result from a recent introgression. The same polymorphism is also present in the outgroup, the accession LA 2682 (S. ochranthum) sampled in Cusco (which is near Nazca and Quicacha) indicating that the polymorphism is ancestral and precedes the divergence of the three species. Such long-lasting trans-species polymorphisms are usually maintained by balancing selection (Klein et al. 1998 ). FIG. 3 . Expression patterns of the CBF genes in S. chilense and S. peruvianum after cold stress. Expression levels relative to the no stress condition for CBF1, CBF2, and CBF3 in S. peruvianum and S. chilense. Tolerant accessions (LA2744 and LA1967) are represented in blue bars, whereas the sensitive (LA3636) and less tolerant (LA1938) ones are represented in green bars. The lower-case letters represent the confidence groups based on a Tukey HSD test (P < 0.05).
CBF2 is only cold induced in Quicacha ( fig. 3D ), the population showing a significant balancing selection signature at this locus. Resequencing the RT-PCR product showed that only Allele 2 ( fig. 1 ) was cold expressed. The polymorphism signature of this specific allele leads to several nonsynonymous changes that can potentially modify the protein conformation and improve its efficiency (supplementary table S3, Supplementary Material online). This suggests that it may be adaptive and related to cold response. The other argument that makes this hypothesis plausible is that our two populations are from an overlapping area at relatively high altitude (2,000 m) and share the same environmental conditions. When applying drought stress, the other allele (Allele 1, fig. 1 ) was expressed in S. peruvianum ( fig. 4B ). Such allele-specific expression has been reported to play a key role in the regulation of many biological processes in humans (Palacios et al. 2009 ), mouse (Keane et al. 2011), and plants (von Korff et al. 2009; Zhang and Borevitz 2009) . Recent studies carried out on grasses such as maize (Guo et al. 2004 ) and barley (von Korff et al. 2009 ) revealed that alleles of many genes were differentially expressed in response to environmental stresses and particularly to drought. Allele-specific expression implies an accurate regulation that can result from cis-or trans-regulation (Guo et al. 2004; von Korff et al. 2009 ). An analysis of the promoter region and transgenic experiments would give us more insights into the functional role of the two different alleles, but this was beyond the scope of this study.
CBF1 that has high ns / s values (compared with CBF1 and CBF2) and exhibits seven stop codons is a pseudogene. This is the most common fate of duplicate genes (Ohno 1970; Lynch and Force 2000) . Indeed, in gene families, if a copy is sufficient FIG. 4 . Expression patterns of the CBF genes in S. chilense and S. peruvianum after drought stress. Expression levels relative to the no stress condition for CBF1, CBF2, and CBF3 in S. peruvianum and S. chilense. Tolerant accessions (LA2744 and LA1967) are represented in blue bars, whereas the sensitive (LA3636) and less tolerant (LA1938) ones are represented in green bars. The lower-case letters represent the confidence groups based on a Tukey HSD test (P < 0.05).
to meet the needs of the organism, the other members are more or less free to evolve neutrally (Li et al. 1981) and can therefore accumulate mutations that can be advantageous or deleterious. As deleterious mutations are more probable than advantageous mutations (Moore and Purugganan 2005) , most of the duplicate genes will become pseudogenized and therefore nonfunctional.
Interestingly, CBF1 is expressed despite the fact that it is a pseudogene. This is not unusual. In fact, transcripts of pseudogenes have been reported in many organisms including plants (Balakirev and Ayala 2003) . For example, in A. thaliana, 20% of the annoted pseudogenes are expressed (Yamada et al. 2003 ). An important question is: why would an organism invest energy in expressing genes that are useless? A possible explanation could be that their promoter is not completely degenerated (Zou et al. 2009 ). For this reason, they could be involved in transcriptional regulation (Zheng and Gerstein 2007) . Our experiments show that the promoter region of CBF1 is still active and responds differently to stress. However, this observation suggests that in both species, the pseudogenization of CBF1 is ongoing or has recently completed.
Although the role of CBF1and CBF3 is described in other species such as A. thaliana, that of CBF2 is not well understood. Constitutive overexpression studies suggested that CBF1, CBF2, and CBF3 have the same function and activate the same set of genes in A. thaliana (Gilmour et al. 2004 ). However, there are other studies, also performed in A. thaliana, showing that CBF2 has not only a different function than CBF1 and CBF3 (Novillo et al. 2007 ) but is also a potential negative regulator of both CBF1 and CBF3 (Novillo et al. 2004 ). These contradictory results may be due to the fact that different ecotypes were used.
This variability in gene expression and regulation is also present in our wild tomato species. In the S. peruvianum accessions, the CBF genes are highly cold induced in the tolerant accession and not in the stress sensitive one. In contrast, when applying drought stress, none of the CBF genes is induced in the tolerant accession, but all of them were highly induced and expressed in the sensitive accession (LA3636). This suggests that the two accessions respond differently to cold and drought stresses.
We compared the expression pattern of the CBF genes in two accessions that were both sampled at Tacna but from different altitudes (LA1967: 1,000 m; LA1969: 3,350 m). Surprisingly, none of the CBF genes was cold induced in the chilling tolerant accession LA1969 (supplementary fig. S2 , Supplementary Material online). This result suggests that another cold response pathway might be activated in LA1969. Fowler and Thomashow (2002) have shown that multiple regulatory pathways are activated during cold acclimation in A. thaliana, but these remain to be characterized.
We investigated the evolution of the CBF gene family in two Solanum sister species, S. peruvianum and S. chilense. We found that the different members of this gene family show different evolutionary histories: CBF3, the first gene of the tandem array (Zhang et al. 2004; Pennycooke et al. 2008 ), seems to be under purifying selection and functionally more important. CBF2 is under balancing selection in the two sister species, revealing a trans-species polymorphism, and CBF1 is a pseudogene. Thus, this gene family evolved according to the main theoretical models of duplicated genes (Ohno 1970; Force et al. 1999; Lynch and Force 2000; Innan and Kondrashov 2010) .
